calculations were performed at the geometries obtained in the B3LYP calculations with the same basis set.
The experimental wavenumbers of rasagiline were taken from [6] . The complete assignments were performed on the basis of the total energy distribution (TED) of the vibrational modes, calculated with scaled quantum mechanics (SQM) method [7, 8] . DFT calculations were also performed for rasagiline mesylate and rasagiline ethanedisulfonate salts to provide theoretical support for the structural and vibrational properties of rasagiline salts.
Computational details
All calculations were performed on a Linux machine using the Gaussian 03W quantum chemistry package [9] .
The relaxed potential energy surface (PES) scan for dihedral angle τ 1 (7-8-10-11), was carried out at every 10° interval with the range of 0-180° at the DFT/B3LYP/6-31++G(d,p) level [10, 11] . The relaxed PES calculations were also performed for dihedral angle τ 2 (7-8-10-23) and τ 3 (8-10-11-12 )] values in the same range (Fig. 1) .
The structures corresponding to the minima in the each PES were further optimized at the B3LYP/631++G(d,p) and MP2/631++G(d,p) levels. MP2/631++G(d,p) single point energy calculations at the B3LYP geometries were also performed. The relative conformer abundances were calculated according to Boltzmann distribution at 298.15 K.
A vibrational analysis was performed on all DFT structures to insure the absence of negative vibrational frequencies and verify the existence of a true minimum. The harmonic and anharmonic frequencies of most stable structure of rasagiline free base were calculated. The vibrational assignments were made on the basis of the total energy distribution (TED) calculated with scaled quantum mechanics (SQM) method [7, 8] based on DFT calculation. The total energy distributions (TED %) of the vibrational modes were calculated with the SQM program (Windows version 1.0) [12] . The animation option of the Gauss View 03W graphical interface for Gaussian programs was also used for the assignment of the calculated wavenumbers.
The initial geometrical parameters of rasagiline ethandisulfonate salt were obtained directly from the crystal data [5] and reoptimized at the B3LYP/6-31++G(d,p) level. The rasagiline mesylate anion structure was also optimized, and the harmonic frequencies of the rasagiline salts were calculated.
Results and discussion

Conformational study
Molecular conformation plays a crucial role in the function and selectivity of flexible molecules of biological interest. It has been reported that solid rasagiline free base, rasagiline mesylate, and rasagiline ethanedisulfanate have no known polymorphs [5, 6, 13] . Rasagiline possesses an indane ring, an -NH group, and a propargyl chain (Fig. 1 ). Indane and its derivatives are components of many biological molecules. It is composed of a benzene ring fused with a saturated fivemembered ring. The substitution of the five-membered ring of indane gives rise to several conformers [14] . The structure-activity relationship among rasagiline-related compounds suggests the crucial role of the propargyl moiety in these molecules [2, 15] .
To understand the conformational preferences of the rasagiline free base, DFT calculations were performed in the gas phase. The calculations were only performed on the R enantiomer of rasagiline. To express the energy as a function of the dihedral angles around three rotatable bonds, angles τ 1 (C7-C8-N10-C11), τ 2 (C7-C8-N10-H23) and τ 3 (C8-N10-C11-C12) were selected (Fig. 1) . The orientation of NH group and the propargyl group with respect to the ring were represented by τ 2 and τ 3 , respectively.
The computations reveal eight minima. The relative energies ΔE (kcal mol -1 ), zero point energy corrected relative energies, dihedral angles for the most relevant conformers electric dipole moments (D), and the Boltzmann populations of the conformers at the B3LYP/ 6-31++G(d,p) level of theory are given in Table 1 . For comparison MP2/6-31++G (d,p) results are also given in the same table. Fig. 2 shows eight DFT conformers of rasagiline. Although I is the energetically most stable conformer, conformer II is also energetically close to I (less than 0.2 kcal mol −1 ). The calculated infrared spectra in the range 2100-3100 cm -1 and below 500 cm -1 are different for conformers I and II. The dipole moment values of these conformers are also different (Table 1) . Likewise, conformers IV and V are energetically close, but their dipole moment values are different due to the different orientation of the -NH group in each conformer. Note that the infrared spectra of conformer V in the amide N-H stretch region provide a striking contrast to those of IV. The DFT/B3LYP is widely used for the conformational analysis and theoretical vibrational frequency calculations with reasonable correlation with experimental results [16] [17] [18] . However the B3LYP functional do not cover the dispersion energy and dispersion effects, which may play a role in the conformational stability of aromatic organic molecules. It is generally thought that relative energies are more sensitive to the level of theory applied than molecular geometries. A number of recent combined experimental/computational studies on gasphase molecules use this method of DFT geometry optimization followed by MP2 single-point calculation [19] [20] [21] . A comparison of the relative energies calculated at the optimized geometry at the B3LYP/6-31++G(d,p) level, including ZPE-corrected relative energies, and the single point calculations at the MP2/6-31++G(d,p) indicate some differences in the predicted conformational ordering.
As can be seen from Table 1 conformer I is also the most stable conformer according to the MP2 calculations. However, the energy gap between conformer I and conformers III/V almost disappears at the MP2/6-31+G (d, p) level. The significant change at the MP2 level was also found in the other studies [22] [23] [24] [25] . The B3LYP generally underestimate the strength of interactions with π electron clouds [26] . It is also well established that the MP2 method performs extremely well for hydrogenbonded systems [27] . The observed discrepancies between the MP2 and DFT relative stability of conformers may indicate that also in this case.
The bond lengths vary little with the conformations (geometric parameters and calculated spectra of all conformers are available from the authors upon request). For all structures, the propargyl C(11)-C(12)-C(13) angle is nearly 180°. The trans-propargyl was identified as the most stable conformation labeled I. In conformational studies of N-methylpropargyl amine by microwave spectroscopy [28] , one conformer [lone pair trans to the ethynyl group] was observed in the solid phase. Ab initio calculations [29] also indicate this conformer (LP-trans) as the most stable in the gas phase. Similar to propargyl amine, the repulsion between the π-electrons of the triple bond and the lone pair electrons of nitrogen might provide a more stabilized structure in rasagiline.
The MP2 and B3LYP optimized geometry of the most stable conformer is in a good agreement with each other. In this paper we discuss both geometries and vibrational frequencies obtained at the B3LYP level. Table 2 summarizes the selected structural parameters for the most stable conformer of rasagiline in accordance with the atom-numbering scheme in Fig. 1 . Because the experimental structure of this molecule is not available, the optimized structure can only be compared with the crystallographic structures taken from rasagiline ethanedisulfonate salt [5] . Therefore, we also calculated the geometric structures of rasagiline ethanedisulfonate and rasagiline mesylate (azilect) salts ( Fig. 3a and 3b, respectively). Table 2 also includes the optimized structural parameters of these rasagiline salts. In the calculated structure of rasagiline, the benzene ring shows planarity, and the five-membered ring shows a conformation that appears like an envelope similar to that of the crystal structure of rasagiline ethanedisulfonate. All of the C-C bonds of the benzene ring are equivalent (ca. 1.40 Å). The calculated C-C bond lengths in the five-membered ring range from 1.51-1.56 Å, and the ring C-H distances range from 1.086-1.101 Å. All bond lengths and angles are within normal ranges. The calculated C indane -N and C propargyl -N bond lengths of rasagiline are shorter than the corresponding bonds of rasagiline ethandisulfonate and rasagiline mesylate ( Table 2) .
Structural properties
The propargyl moiety has triple and single C-C bonds. In rasagiline, the triple bond length (C12≡C13) and single bond length (C11-C12) are calculated as 1.211 Å and 1.477 Å, respectively. These bond lengths of rasagiline are longer than those of its salts. The structural parameters calculated for the propargyl group of rasagiline agree well with the experimental microwave data for propargyl fluoride [30] . Mesylate is an ester of methanesulfonic acid (MSA, CH 3 SO 3 H). In salts, the mesylate is present as the CH 3 SO 3 − anion. Experimental data on the structure of rasagiline mesylate have not yet been reported. In this work, the equilibrium geometries of rasagiline mesylate (Fig. 3b) were also calculated to assess the influence of the anion on the protonation characteristics of the drug. The crystal structure of sodium [31] and magnesium methanesulfonate [32] has been reported. Ab initio calculations have been performed on the structural parameters of monomer methanesulfonic acid (CH 3 SO 2 OH) in the gas phase [33] . The fully optimized geometry of the mesylate anion (CH 3 SO 3 -) was calculated using DFT/ B3LYP/ 6-31G (d,p) by Tuttolomondo et al. [34] . The equilibrium structural parameters (e.g. S-O, S-C bond lengths and O-S-O bond angle) calculated for the mesylate anion agree very well with the abovementioned literature data (Table 2) . Palmer et al. [35] studied the crystal structures of the primidine derivatives lamotrigine mesylate salt (used in the treatment of epilepsy) and sipatrigine (which has potent neuroprotective properties). They reported that the oxygen atoms of the CH 3 SO 3 solvate ion take part in hydrogen bonding to the NH 2 groups of lamotrigine. The crystal structure of the mesylate salt of lamotrigine is characterized by distinct hydrogen bonding. The crystal structure of sipatrigine (without mesyslate) has only one weak hydrogen bond. The bond lengths and bond angles in both compounds are similar. We also expect that the rasagiline cation and mesylate anion are linked by hydrogen bonding in the solid structure. The NH 2 + groups of rasagiline act as proton donors, thus forming N-H…O hydrogen bonds with the oxygen atoms of mesylate anions. The presence of mesylate and hydrogen bonding in this structure increases the stability of the drug. As shown in Table 2 , the geometric parameters of rasagiline in rasagiline mesylate do not change with respect to the rasagiline free base structure.
Vibrational analysis
Rasagiline
The calculated harmonic, anharmonic frequencies and infrared intensities of the most stable conformer (I) of rasagiline free base are listed in Table 3 together with the experimental FTIR data obtained from the literature [6] .
For approximate characterization of the vibrations, we use the total energy distribution (TED). The last column in the Table 3 contains qualitative mode decomposition for contributions higher than 5%.
The vibrational frequencies of the indane ring [14, 36] and propargyl [28, [37] [38] [39] [40] were also used as guidelines for the assignment of the fundamental vibrational modes of rasagiline.
The solid phase IR spectrum of rasagiline free base was obtained from literature [6] . The experimental ( KBr) spectrum of rasagiline free base and theoretical infrared spectra calculated at B3LYP/6-31++G(d,p) theory level for most stable conformer are presented in Fig. 4a and 4b, respectively
In the solid phase infrared spectrum of rasagiline, a narrow band at 3324 cm -1 and a medium-broad band at about 3219 cm -1 were observed [6] . The B3LYP predicted a frequency of 3526 cm -1 , with a predicted intensity of 1.45 km mol -1 , and 3479 cm -1 , with a predicted intensity of 100 km mol -1 , for N-H and propargyl C-H stretching frequency in the gas phase, respectively. The C-H stretch of the C-H bond adjacent to the carbon-carbon triple bond (-C≡C-H) appears as a narrow band in the range 3330-3270 cm -1 . In an earlier experiment, the high-frequency acetylenic stretching mode of propargyl radical [38] , propargyl amine [29] , and propargyl bromide [40] was observed at ca. 3330 cm -1.
In contrast to our calculation, we prefer to designate the band at 3324 cm -1 in the experimental infrared spectrum (calc. 3479 cm -1 ) as the ≡C-H stretching mode. We designated the observed band at 3219 cm -1 as the N-H stretching mode in the spectrum of solid rasagiline [6] . Iga et al. [14] and Barbu-Debus et al. [41] suggested that the stable conformer should be stabilized by intramolecular N-H….π hydrogen bonding between the amino hydrogen and the π-electron of the benzene ring in the aminoindan molecule. We also suggest that (13) the presence of hydrogen bonding results in a shift of the N-H band in the solid structure of rasagiline to lower frequencies.
The propargyl chain has a carbon-carbon triple bond (-C≡C-). The -C≡C-stretch appears as a weak band from 2260-2100 cm -1 . The sharp, weak band at 2100 cm -1 (calc. 2206 cm -1 ) is assigned to the stretching vibration of the carbon-carbon triple bond in the infrared spectrum of rasagiline. For propargyl peroxy radical [38] , propargyl alcohol [39] and propargyl fluoride [40], the experimental C≡C-H frequencies are reported in the region 690-620 cm -1 . From TED, the calculated anharmonic frequencies at 627 cm -1 and 660 cm -1 are assigned to the C≡C-H out-of-plane and in-plane bending modes, respectively. There are two bands at 669 cm -1 and 612 cm -1 in the infrared spectrum of rasagiline. These bands are tentatively assigned as propargyl C≡C-H in-plane and out-of-plane bending modes, respectively.
Continued
The aromatic C-H stretching vibrations appear at 3120 and 3000 cm -1 . The experimentally observed bands at 3092, 3069, 3046 and 3025 cm -1 in the IR spectrum of rasagiline are assigned to the CH-stretching of phenyl group of rasagiline. The five-membered ring has two methylene groups (CH 2 ), and the propargyl group has one CH 2 group. Theoretically, three asymmetric CH 2 stretching (ν a CH 2 ) and three symmetric (ν s CH 2 ) modes are expected in the 2800-3000-cm -1 region. The deformations that CH 2 groups undergo include scissoring, wagging, twisting and rocking modes. These modes are distributed over a wide spectral range. All bands of the CH 2 group are assigned using TED and the GaussView 03 W program. The complete assignments of this group and the other modes of rasagiline free base are given in Table 3 . There are large shifts between the harmonic frequencies for the fundamentals in the gas phase and those in the solid. It may be observed that the calculated harmonic frequencies require significant scaling to agree with the experimental values. No such scaling is required for the anharmonic frequencies, which are quite close to the experimental values.
Rasagiline salts
The selected harmonic vibrational frequencies calculated for rasagiline mesylate and rasagiline ethanedisulfonate at the B3LYP level using the 6-31++G (d, p) basis set, assignments, and IR intensities are summarized in Table 4 . All other computed frequencies and assignments are given in Table 1 .
The previously reported spectra for ethyl methanesulfonate [34] and methanesulfonic acid [33, 42] were used as a guide for the assignment of mesylate (methanesulfonate) anion (CH 3 SO 3 -) bands. The vibrational analysis of disodium 1,2-ethandisulfonate [43] was used as a guide for the assignment of the ethanedisulfonate anion (O 3 SCH 2 CH 2 SO 3 -). Previous patent studies provide some IR data and the spectrum of rasagiline mesylate [13] without assignment. No previous study of the experimental infrared spectrum for rasagiline ethandisulfonate was found. The predicted gas-phase infrared spectra of rasagiline mesylate and rasagiline ethandisulfonate are shown in Figs. 5a and 5b, respectively.
There are considerable changes for NH modes in the presence of mesylate/ethandisulfonate anions (Table 4 ). In our proposed structure (Fig. 3b) , methanesulfonic anion and monoprotonated rasagiline are held together by hydrogen bonds. The NH 2 + group of rasagiline acts as a proton donor, thus forming an N-H…O hydrogen bond. The calculated bands at 3478 cm -1 and 1870 cm -1 (an intense maximum in Fig. 5a is denoted by *) are assigned as the N-H stretching and N-H…O stretching vibrations, respectively. In the crystal structure of rasagiline ethanedisulfonate, ethanedisulfonate anions (C 2 H 4 O 6 S 2 -) are also connected by an N-H….O hydrogen bond to rasagiline cations (Fig. 3a) . In this structure, the N-H stretching frequency is calculated to be 3476 cm -1 , which is similar to that of rasagiline mesylate. In contrast, the calculated N-H…O frequency is higher than that of rasagiline mesylate (2256 cm -1 ), which features a longer N-H…O bond (an intense maximum in Fig. 5b is denoted by *). The values calculated for N-H stretching suggest that these bond types have a similar proton-donating ability. The shorter N-H…O bond suggests stronger H-bonding in rasagiline mesylate.
The predicted harmonic frequencies at 3479, 3466 and 3462 cm -1 are assigned as C≡C-H stretching for rasagiline, rasagiline mesylate and rasagiline ethandisulfonate, respectively. The observed bands at 3324 cm -1 (ν ≡C-H) and 3219 cm -1 (ν N-H) in the infrared spectrum of rasagiline disappeared, and a sharp band at 3278 cm -1 appeared in the solid IR spectrum of rasagiline mesylate [13] . We assigned this band to the ≡C-H stretching vibration of propargyl group of rasagiline mesylate. A frequency shift to lower and higher wavenumbers is found for the ≡C-H and the C≡C stretching vibrations of propargyl, respectively, in the experimental and theoretical infrared spectra of rasagiline mesylate (Table 4) . These shifts were also found for the calculated frequencies of rasagiline ethandisulfonate. It may be explained by a hydrogenbonded ≡CH stretching vibration (or no conjugation) in the rasagiline salts. In protonated forms, propargyl CH 2 (which is bonded to the N atom) vibrations are blueshifted with respect to the rasagiline free base.
Mesylate anion
The calculated bands at 1232 cm -1 and 1080 cm -1 were assigned to S-O asymmetric and symmetric stretching, respectively. The calculated band at 740 cm -1 was assigned as C-S stretching mode. The calculated bands at 531, 495, 489 and 355 cm -1 were assigned as SO 3 bending modes. In the solid IR spectrum of rasagiline mesylate [13] , the band appears at about 778 cm -1 , which may be assigned to C-S stretching. The bands at 1152, 1047 and 540 cm -1 may be assigned to the other SO 3 group modes.
The calculated bands at 3180 cm -1 and 3076 cm -1 were assigned to C-H asymmetric and symmetric stretching modes of the methyl group, respectively. Methyl group deformations are usually observed in the range 1300-1500 cm -1 ; thus, the calculated frequencies at 1465 and 1353 cm -1 were assigned as δ (CH 3 ) deformation modes.
The methyl and methylene rocking, wagging and twisting vibrations are mechanically coupled to various ring deformation modes (Table 1) .
Ethanedisulfonate anion
The ethanedisulfonate anion has two possible conformations: the trans (T) form with C2h symmetry and the gauche (G) form with C2 symmetry. The crystal structure of rasagiline ethandisulfonate [5] has C2 symmetry and displays threefold disorder on the CH 2 -CH 2 group. Ohno et al. [43] performed vibrational analysis of disodium a,w-alkanedisulfonates, experimentally and theoretically. They used the C-S stretching vibration in the 750-850 cm -1 region to determine the conformation of the C-C bond adjacent of the C-S bond. They calculated the C-S stretching frequencies at 750 cm -1 (G form), 787 and 811 cm -1 (T form). We calculated two bands at 781 and 726 cm -1 for the C-S stretching mode. There is no experimental infrared spectrum of solid rasagiline ethandisulfonate in the literature. We propose that the predominant molecular form in the gas phase is the trans conformation about the CC-CS axis.
Conclusions
The molecular structure, conformational stability, and vibrational frequencies of rasagiline were investigated using the DFT/ B3LYP/6-31++G(d,p) method. The eight stable conformers were found using a series of B3LYP/6−31++G(d,p) relaxed potential energy scans varying the different dihedrals. Single-point energy calculations were then performed for these conformers at the MP2/6-31++G(d,p) level. The relative single point MP2 energies among conformers are noticeably different from those obtained with DFT. The B3LYP and MP2 calculations were performed with the Gaussian 03 program package. The optimized geometries of the rasagiline, rasagiline mesylate and rasagiline ethandisulfonate were interpreted and compared with the reported experimental values for rasagiline ethandisulfonate. Reasonable agreement between the experimental and computed anharmonic spectra of rasagiline free base was found. Detailed assignment of the fundamental modes of rasagiline was performed based on SQM method. NH and C≡C-H stretching modes of rasagiline are more affected by the mesylate and ethandisulfanate anion than are those of rasagiline free base and these differences was interpreted. We hope that the results of this study will be useful in understanding the spectral properties of other rasagiline salts. 
